Conventional photoelectron and time-of-flight photoelectron-photoelectron coincidence ͑TOF-PEPECO͒ spectra have been measured for the outer valence region of the 1,4-bromofluorobenzene molecule. The photoelectron spectra were recorded using HeI␣ radiation from a resonance source, and the TOF-PEPECO spectra were recorded using HeII␣ radiation from a pulsed resonance source. The former provide energies of the cationic states and the latter of the dicationic states. The spectra are adequately interpreted with the aid of accurate Green's function calculations, showing very significant correlation effects. The lowest double ionization energy is found at 23.45 eV associated with the ͑4b 1 ͒ −2 X 1 A 1 dicationic state.
I. INTRODUCTION
The photophysics of aryl halides is a topic of both fundamental and practical interests. Extensive research during several decades has established a picture of large variability in the molecular dynamics ensuing absorption of a photon. 1, 2 In particular, the halobenzenes are tractible systems for challenging combined experimental and calculational investigations on quantum chemical dynamics in polyatomic molecules. 3 Many of the inferred processes are inherently fast, which has made them a natural target for e.g., ultrafast spectroscopy. In order to understand these processes properly, detailed knowledge of the electronic structure of these systems is required.
From a practical point of view, ultraviolet photodissociation of aryl halides may cause halogen radical formation. Their release into the atmosphere potentially is an environmental issue among other with implications for the stratospheric ozone layer. 4 In that context, bromine substituents are particularily severe, and brominated benzene molecules have been proposed as a possible source of the excess bromine concentration as compared to the present climate model calculations.
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The p-bromofluorobenze was recently identified 6 as one of 152 high production volume chemicals 7 with a predicted lifetime in the atmosphere long enough to permit transport through it, which also motivates detailed studies into the photochemistry of that molecule. This study of 1,4-bromofluorobenzene has been undertaken as a part of a systematic investigation of the electronic structure and photoionization dynamics of halogen substituted ring-type molecules. Results for monohalogen substituted benzenes C 6 H 5 X ͑X=Cl,Br,I͒ molecules were presented recently as obtained with photoelectron spectroscopy using both high-energy and angular resolution. [8] [9] [10] A photoelectron spectrum ͑PES͒ of 1,4-bromofluorobenzene has been reported previously 11 where the first five electron binding energies were given.
The analysis of the present data will be made by ample reference to the results obtained from the photoelectron spectra of bromobenzene. 9 Many bands of the PES of bromobenzene show well-defined vibrational fine structure, which is useful also for the interpretation of the present spectra, which show similar features in several photoelectron bands. For 1,4-bromofluorobenzene detailed photoelectron spectra have not been reported previously and spectra of double photoionization are missing entirely. The present investigation therefore provides much new information about this molecule and, in particular, its electronic structure.
II. EXPERIMENTAL DETAILS

A. Photoelectron spectroscopy
The photoelectron spectra obtained in the present investigation were recorded using a conventional photoelectron spectrometer equipped with a hemispherical electron energy analyzer and a multichannel plate detector. 12 A microwave driven resonance line source was employed to produce the HeI␣ radiation used for photoionization of the sample molecules contained in a gas cell. The energy resolution in the present experiment was about 20 meV. The spectra were calibrated in energy using the argon 3p 3/2 and 3p 1/2 lines at 15.760 and 15.937 eV, respectively, as references.
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B. Double photoionization electron spectroscopy
The electron spectra of the dication were recorded using the time-of-flight photoelectron-photoelectron coincidence 14 which is based on a magnetic bottle electron spectrometer. 15 Wavelength selected light from a pulsed low-pressure resonance line source, driven by a thyratron and a discharge condenser, ionizes an effusive jet of the target gas in a crossed beam configuration.
The gas discharge lamp used works at a typical repetition rate of a few kilohertz and emits light pulses, which are Ͻ10 ns long. Electrons emitted in the ionization process are directed by an inhomogeneous magnetic field of a conically shaped permanent magnet to follow nominally on-axis the field lines inside a long solenoid to a multihit multichannel plate detector located 2.2 m away from the ionization region. The timing of electron signals is referenced either to an electrical pulse generated when the lamp switches on or to the simultaneous visible light pulse detected by a photomultiplier. Pairs of electrons arriving within 10 s of each other are recognized as true coincidences. The flight times can be fitted with good precision to the simple form,
E is the kinetic energy, and t 0 and E 0 are the two fitting parameters of the experiment used for calibration of the spectrometer. The flight length D is fixed to 3483 ns ͑eV͒
for the instrument 16 used in the present study. The full TOF-PEPECO data provide the separate electron energies of pairwise ejected electrons, and in plotting the coincidence count rate versus the difference between the photon energy and the sum of the kinetic energies of the two electrons, one obtains the double ionization electron spectrum displayed in the paper. Energy calibration was done of the spectra by recording a mixture of the sample gas and a noble gas giving lines with well-known energies. In this experiment xenon was chosen. The calibration parameters were then extracted by fitting the double ionization lines of Xe 2+ to their well-known energy levels. 17 The sample was obtained commercially with a stated purity of better than 99%. The purity of the sample was checked in both spectrometers by recording the valence PES and comparing with the known energies of possible impurity lines. A very weak line from N 2 could be detected at 15.581 eV ͑Ref. 18͒ in some of these experiments. The line is useful in the sense that it can be used for calibration of the energy scale.
III. COMPUTATIONAL DETAILS
Theoretical calculations of the single ionization spectrum of 1,4-bromofluorobenzene were carried out using the third order algebraic diagrammatic construction ADC͑3͒ method. [19] [20] [21] Calculations of double ionization spectra were carried out using the ADC͑2͒ method. 22, 23 The Hartree-Fock calculations necessary to provide the orbital basis for the ADC calculations have been carried out with the Gamess-U.K. program 24 using the aug-cc-pVDZ and cc-pVQZ basis sets 25 for the single and double ionization spectra, respectively. The geometry of the molecule was obtained by cc-pVQZ optimization at the Møller-Plesset ͑MP2͒ level. The theoretical simulations of the experimental spectra discussed in the following sections were obtained by Gaussian convolution of the discrete ionization transitions, using as intensity estimates their total 1h ͑single ionization͒ and 2h ͑double ionization͒ spectroscopic factors. The double ionization spectra were thoroughly analyzed using the two-hole population analysis described in Ref. 26 . We recall briefly, to clarify the discussion of the following section, that the twohole population analysis offers a decomposition of the total 2h character of a dicationic state ͑i.e., the component describing ionization out of pairs of Hartree-Fock molecular orbitals͒ in terms of orbital and/or atomic components. An atomic component labeled X −1 Y −1 ͑or X/Y͒ essentially quantifies the extent to which a given doubly ionized state may be characterized as having one electron vacancy localized on atom X and one on atom Y. A component labeled X −2 ͑or simply X͒ measures similarly how much a state may be described as having both holes on the same atom X. Orbital components are defined in a completely analogous way, with X and Y identifying orbitals or orbital groups.
IV. RESULTS AND DISCUSSION
A. The HeI excited photoelectron spectrum Figure 1 shows the overall PES in the range between 8 and 20 eV. The discrete bar spectrum resulting from the ADC͑3͒ calculations is also shown below the experimental one. The relative transition intensities have simply been estimated equal to the computed Green's function pole strengths. The computed data ͓ionization energies ͑IE͒, estimated intensities P, and orbital composition͔ for the principal transitions are reported in Table I , along with the experimental peak positions and the ͑negative͒ Hartree-Fock orbital energies corresponding, where meaningful, to the principal ionized orbitals. The latter provide the uncorrelated, independent particle picture of ionization according to Koopmans' theorem ͑KT͒. For ease of discussion, we report The spectrum is similar to that of bromobenzene, as expected, with notable differences associated with the fluorine atom in the present molecule. The resolution in the experiment is sufficient for revealing vibrational fine structure in five of the bands. This structure is clearly seen in Fig. 1 , and in details shown in Figs. 3-5.
The four first bands in the spectrum are due to ionization to single states, but already above 12 eV bands are significantly overlapping and correlation effects beyond those accounted for by the present calculations rapidly become substantial. This is clearly apparent, both in Fig. 1 and in Table  I by noticing the increasing number of computed correlation lines, which redistribute intensity over a large number of states, and the discrepancies between experimental and computed ionization energies. Once these discrepancies are taken into account, however, the calculations permit a reliable insight into the origin of the bands, and this gives confidence also for the interpretation of the much more complicated double ionization spectrum.
As can be seen in Table I , the two outermost bands are due to ionization from the outermost ring-type orbitals, 4b 1 and 1a 2 , while the third and fourth bands are essentially the in-plane and out-of-plane bromine lone-pair orbitals 7b 2 and 3b 1 . The bands are very sharp, which suggests that these orbitals have a strong atomic character as in the case of bromobenzene. In all of these four bands a fine structure is observed associated with vibrational excitations in the cationic states. Figure 3 shows a detail of the spectrum containing the bands corresponding to the 4b 1 and 1a 2 orbitals. In the 4b 1 band, two vibrational separations can be inferred, one associated with a low energy mode with a spacing of 40 meV and one with the spacing of 166 meV. The first can be readily assigned as 6a , whereas the second is probably 19a or perhaps a combination of 6a and 18a as was found for bromobenzene. 9 The excitation of the 6a mode, which involves a C-Br stretching, is expected in ionization from the 4b 1 orbital, as a result of a strong Br 4p character. The weaker structures on the low binding energy side of the band are probably hot bands corresponding with excitations of the low energy mode in the neutral molecule. According to Boltzmann statistics 20% of the molecules should be vibrationally excited by one quantum of the 6a molecule in the 
gas cell at room temperature. This is a rather low percentage compared to the relative peak heights between the first few structures of the spectrum, which may indicate that the adiabatic transition does not correspond to the peak of highest intensity, at 9.02 eV, but possibly with that at 8.94 eV.
In the 1a 2 band, a strong vibrational peak can be seen in addition to the first peak at 9.92 eV, which corresponds to the adiabatic transition. The vibrational spacing is 144 meV, which can be readily explained as a quantum of the 9a mode. This is a ring type of motion in agreement with a complete absence of Br 4p or F 2p character in the 1a 2 orbital. Figure 4 shows a detail of the spectrum between 10.6 and 12.0 eV. It exhibits ionizations corresponding largely to the 7b 2 and 3b 1 orbitals, which are essentially in-plane and out-of-plane Br 4p atomic orbitals, respectively. The bands are comparatively narrow as expected for ionization from lone-pair orbitals. However, the 3b 1 orbital interacts slightly stronger with the ring system ͑see Fig. 2͒ and is therefore the broader of the two, as has been observed generally for halogen substituted ring type molecules ͑see e.g., Refs. 8-10͒.
The vibrational fine structure of the 7b 2 band can be explained by two modes, 12 and 1 , both of the ring type, with the energies 69 and 119 meV. Similar excitations with nearly the same energies were found for bromobenzene. 9 For the 3b 1 band vibrational energies of 63 and 163 meV can be identified. They can be associated with single quanta of the 12 and, probably, 19a . The energies are 25% and 11%, respectively, lower than for bromobenzene in the neutral ground state, which gives evidence for a stronger interaction with the ring orbitals than for the 7b 2 orbital. In addition, a shoulder can be seen on the high binding energy side, which could reflect excitations of the Br-ring stretching mode at about 40 meV. Excitations of this kind are expected as a result of a non-negligible interaction with the ring orbitals and they have been observed also in the bromobenzene spectrum.
In the region between 12 and 14 eV, two broad features, 5 and 6, are present in the spectrum which can be associated with ionizations involving the 6b 2 , 9a 1 , and 2b 1 orbitals, in order of increasing energy. These are mostly ring orbitals, except for 6b 2 which has a significant Br component and corresponds to the more clearly structured band. Ionization involving the orbital 2b 1 gives rise not to a single but to several states with lower intensity, causing the visible broadening of band 6. The agreement between the experimental data and the numerical results is only moderate in this energy region. There is a clear overestimation of about half eV in the computed ionization energies and, furthermore, the computed energy spacings between the states are too small. This can reflect an underestimation of the correlation effects in this range where electron correlation effects begin to increase. Note also that in the correlated calculations there is an inversion between the dominant orbital character of the lower two states and the corresponding KT ionization energies, which underlines the importance of the correlation effects. A shift of the same order of magnitude between the numerical and experimental results is generally observed also at higher energies ͑features 7-13͒ as expected. Figure 5 shows the energy region between 14.0 and 15.8 eV, characterized by the sharp vibrationally resolved peak 7 and two subsequent broad and largely overlapping bands, 8 and 9. The calculations indicate that peak 7 is due to a ionization dominated by a 5b 2 component, while the broad features involve mostly orbitals 4b 2 and 8a 1 , respectively. All these orbitals are largely located on the ring but, especially 5b 2 , have some non-negligible fluorine component. A similar sharp band is observed in the spectrum of fluorobenzene, 27 which underlines the fluorine character of the orbital. In the vibrational structure of band 7 two different energies can be identified, 81 and 153 meV, corresponding well with the excitations of single quanta of the 12 and 19a modes, respectively, as in the 3b 1 band. The band has the shape expected for a very weakly bonding orbital, with a strong peak reflecting the adiabatic transition along with a rather weak vibrational activity and, in accordance, vibrational energies that are rather similar to those of neutral bromobenzene.
At higher ionization energies the spectrum exhibits four prominent features, labeled 10-13. Bands 10, 11, and 12 involve ionization of the orbitals with large fluorine components. The calculations show that band 10 is due essentially to a state involving mainly 7a 1 ionization. Band 11 originates mainly from ionization of the 1b 1 and 3b 2 orbitals, giving rise to several ionized states, which broaden the band on the high-energy side. Band 12 involves mainly ionization of the 6a 1 orbital. Finally, at still higher energies, the breakdown of single-orbital ionization is nearly complete, with very many states sharing intensity. In particular, the weak broad feature visible around 19 eV is the result of ionization of the 5a 1 and 2b 2 ring orbitals, which is spread over a large number of weak transitions.
B. The TOF-PEPECO spectra excited with HeII␣ radiation
The double photoionization ͑DPI͒ spectrum was recorded using the photon energy 40.8 eV. Figure 6 shows this spectrum, together with the computed one, which consists mainly of continuous intensity distribution with some superimposed structures. The marked lowering of the intensity at 40 eV is a threshold effect close to the photon energy limit. A background due to accidental coincidences can be observed between 21 and 22 eV, whereas the onset of the sample spectrum appears at 22.7 eV. The first peak maximum is seen at 24.95 eV, but at 23.45 and 24.22 eV there are shoulders indicating the presence of dicationic states. In the remaining part of the spectrum, five additional peak maxima can be discerned at about 26.8, 28.1, 30.0, 30.9, and 32.6 eV.
In Fig. 6 , below the experimental DPI, the theoretical spectrum is shown, made up of component areas as will be explained below. The overall theoretical profile is obtained as Gaussian convolution of over 1450 discrete transitions ͑shown as vertical bars͒ computed in the energy interval of the measured spectrum. The computed spectrum has been shifted to higher double ionization energy ͑DIE͒ by 0.7 eV in order to align with the experiment, as found necessary also in other molecules of similar size. 28 The Gaussian width of the convolution has been made to vary uniformly from 0.5 to 1.5 eV with increasing energy, as this appears to fit the experimental profile better than a single width. The increase in width represents an attempt to make up for a real density of states, which is even larger than computed and for the consequently larger inherent line broadening due to nuclear dynamics.
Once the mentioned shift is taken into account, the dicationic ground state, a 1 A 1 dominated by the 4b 1 −2 configuration, is computed to lie 23.8 eV vertically above the neutral ground state. The next 7 states, which together make up for the first spectral band peaking at 24.95 eV, are 3 B 2 and 1 B 2 ͑4b 1 −1 1a 2 −1 ͒ at 24.3 and 24.7 eV, respectively; 3 A 2 and 1 A 2 ͑4b 1 −1 7b 2 −1 ͒ at 24.9 and 25.0 eV, respectively; 3 A 1 ͑4b 1 −1 3b 1 −1 ͒ also at 25.0 eV; and 3 B 1 and 1 B 1 ͑1a 2 −1 7b 2 −1 ͒ both at 25.4 eV. At higher energies the density of computed states increases significantly due to large many-body effects and it becomes rapidly impossible to analyze the spectrum in terms of individual orbital configurations. To give a rough idea of the extent of configuration interaction taking place, the curve labeled "CI" in Fig. 6 ͑referred to the right y axis͒ gives the spline-smoothed trend of the deviation from unity of the largest square ADC 2h coefficient of the states. As can be seen, the single configuration picture holds barely for the 
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The valence electronic structure of 1,4-BFB J. Chem. Phys. 131, 184302 ͑2009͒ lowest-energy peak of the spectrum. In order to gain some insight into the complicated origin of the spectral features, still within the orbital framework, it is useful to divide the valence orbitals into six groups, according to the main gaps in the outermost orbital energies ͑see Fig. 2͒ . We thus collect in group 1 the five innermost orbitals up to 4a 1 , in group 2 the two orbitals 2b 2 and 5a 1 , in group 3 the seven orbitals from 6a 1 to 5b 2 , in group 4 the three orbitals 2b 1 , 6b 2 , and 9a 1 , in group 5 the orbitals 3b 1 and 7b 2 , and finally, in group 6, 1a 2 and 4b 1 . With this classification we can now divide the 2h density distribution that makes up the spectrum into contributions according to the orbital groups to which the holes belong. The resulting decomposition of the theoretical spectrum is shown in Fig. 6 , where the various areas below the overall profile are proportional to the contribution of double ionization out of the orbital group pairs indicated ͑single digits denote ionization out of the sole corresponding group͒. The figure gives a useful description of the origin of most features in the spectrum and demonstrates quite eloquently its complexity. It also shows that ionization out of the innermost two groups of orbitals lies largely outside the energy range experimentally probed. A different type of insight into the nature of the double ionization spectrum comes from the analysis of the spatial ͑de͒localization of the electron vacancies. The population analysis of the computed two-hole density shows that the doubly ionized states of 1,4-bromofluorobenzene exhibit almost uniformly a pronounced delocalization of the two electron vacancies. By suitably regrouping the computed population components, we show in Fig. 7 a decomposition of the theoretical spectrum in four contributions, each represented by a corresponding area below the computed profile. The largest contribution corresponds to double ionization of the ring atoms ͑including hydrogens͒. The areas labeled "Br" and "F" show the contribution of population components where one hole is on bromine or fluorine, respectively, and the other is either on the same atom or on the ring. The small area labeled "Br-F" is finally proportional to the remaining population component with one hole on each of the two heteroatoms. The curve labeled "One-site" shows, in addition, the spectrum of the small component corresponding to both holes located on a single atom. The curve labeled "Loc" ͑referred to the right y axis͒ displays a spline-smoothed curve of the localized character of the states, as measured by the ratio of the largest population component to the total 2h weight of each state. This is clearly small and nearly constant everywhere, almost never exceeding 0.3. Quite interestingly, there are in fact only 6 main states in the whole spectrum for which this ratio exceeds 0.5 and these are shown as vertical bars of corresponding height ͑right y axis͒. They are all clustered around 30 eV DIE. In four of them the dominant component is of Br −1 F −1 character, with a large coefficient of either the 4b 1 −1 1b 1 −1 or of the 7b 2 −1 1b 1 −1 configuration ͑both singlet and triplet͒. One state is of C 2 −1 Br −1 character ͑triplet 7b 2 −1 4b 2 −1 ͒ and finally one state is of one-site Br −2 character ͑triplet 7b 2 −1 3b 1 −1 ͒.
V. SUMMARY
The conventional PES and the TOF-PEPECO spectrum of the 1,4-bromofluorobenzene molecule have been presented and analyzed with the aid of accurate Green's function calculations. Energies and assignments were given for most features in the PES. The double ionization spectrum was shown to be extremely complex, with a high density of states and very strong configuration mixing, save for the lowest energy band, as motivated by our detailed calculations. With the exception of about 6 states, the whole spectrum is characterized by pronounced delocalization of the valence electron holes. The numerical results seem to explain the main features of the experimental data well, whereas the assignments of the finer details should be considered tentative until more highly resolved experimental data are available. 
